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Introduction
Water-pipe smoking (WPS) is a fashionable practice that is commonly used in the Middle East and is now rapidly spreading in Europe and North America [1] . Its popularity results from the fact that there is a common misconception that the nicotine content in WPS is lower than that of cigarettes and that water used in this form of tobacco intake works as a filter, removing all the hazardous chemicals such as CO, nicotine and tar [1] . A recent report suggests that the harmful effects of WPS are similar to those of cigarettes, and that the water-pipe may be a passage to cigarette smoking [2] . Remarkably, numerous studies suggested that the CO content in WP smoke is much higher than in cigarette smoke (CS) [3, 4] . Additionally, WP smokers showed higher blood nicotine levels than cigarette smokers [5] .
While the cardiovascular effects of cigarette smoking have been widely studied, the data on the cardiovascular effects of WPS are very limited [6] . It has been demonstrated that WPS induces a high increase in heart rate, systolic, diastolic and mean blood pressure, and markedly impaires baroreflex sensitivity in healthy normotensive subjects [7] . A single WPS session has been shown to lead to measurable transient dysfunction in cardiac autonomic regulation, and suggests an increased risk of adverse cardiac events in users [8] . Recently, it has been shown that one session of WPS resulted in significant increases in carboxyhemoglobin concentrations, systolic and diastolic blood pressure, and heart and respiratory rates [9] . WPS has also been reported to have more hazardous effects on brachial artery endothelial-dependent flow mediated vasodilation compared to CS [10] .
Clinical studies have reported difficulties in studying the isolated effects of WPS because most of the smokers are also current or past cigarette smokers. Consequently, experimental studies investigating the mechanisms underlying the cardiovascular adverse effect of WPS are much needed.
Using a relevant type of WPS exposure system, namely nose-only exposure that best resembles human exposure scenarios [11] [12] [13] , we have demonstrated that 1 month exposure to WPS induces an increase in systolic blood pressure (SBP) and causes inflammation and oxidative stress in the heart and prothrombotic and hypercoagulability effects in vivo and in vitro [14] . However, the short-term (5 days) cardiovascular effects of nose-only WPS have not been investigated so far. The assessment of the short-term cardiovascular impact of WPS exposure is of basic and clinical significance as it can yield more specific information and reflect the initial changes in the cardiovascular system that will eventually lead to chronic effects of WPS.
Therefore, the aim of this study is to assess the short-term early (5 days) effect of noseonly exposure to WPS on various cardiovascular parameters including (1) systemic and cardiac inflammation and oxidative stress; (2) thrombosis in pial arterioles and venules in vivo, platelet aggregation in whole blood in vitro and plasma markers of fibrinolysis; and (3) SBP and heart rate.
Materials and Methods

Animals and treatments
This project was reviewed and approved by the Institutional Review Board of the United Arab Emirates University, College of Medicine and Health Sciences, and experiments were performed in accordance with protocols approved by the Institutional Animal Care and Research Advisory Committee. Nemmar 
or air through their noses using a nose-only exposure system (InExpose System, Scireq, Canada). Animals were exposed to mainstream WPS generated by commercially available honey flavored ``moasel`` tobacco (Al Fakher, Ajman, UAE). The tobacco was lit with instant light charcoal disk (Star, 3.5 cm diameter and 1 cm width). A standard of one puff of 2-s duration was taken once a minute, followed by 58 s of fresh air at a rate of 6 ml/s was applied. The duration of the session was 30 min/day for 5 days. At the end of the exposure period, various cardiovascular endpoints were measured.
SBP and heart rate measurement SBP and heart rate were measured using a computerized noninvasive tail-cuff manometry system (ADInstrument, Colorado Springs, USA). To avoid procedure-induced anxiety, mice were trained for 3 consecutive days before the experimental procedure.
Blood collection and cell count
Following SBP measurement, the same animals were anesthetized intraperitoneally with sodium pentobarbital (45 mg/kg), and then blood was withdrawn from the inferior vena cava in EDTA (4 %). A sample was used for complete blood count using an ABX VET ABC Hematology Analyzer with a mouse card (ABX Diagnostics, Montpellier, France). The remaining blood was centrifuged for 15 min at 4 0 C at 900g, and the plasma samples obtained were stored at -80°C pending analysis. Determination of plasma levels of lipid peroxidation (LPO), reduced glutathione (GSH) and catalase NADPH-dependent membrane LPO was determined using a kit that measures thiobarbituric acid reactive substances (Cayman Chemical Company, Ann Arbor, MI, USA). Catalase was measured using a kit from Cayman Chemical Company (Ann Arbor, MI, USA). GSH was measured with kit obtained from SigmaAldrich Co (St Louis, MO, USA).
Measurement of IL-6 and TNFα in heart
At the end of the exposure period to WPS or air, animals were sacrificed by an overdose of sodium pentobarbital, and their hearts were quickly collected and rinsed with ice-cold PBS (pH 7.4) before homogenization in 50 mM Tris buffer pH 7.4 containing 400 mM NaCl and 0.5 % Triton X-100 at 4 o C [17] . The homogenates were centrifuged for 10 min at 3000xg to remove cellular debris, and the supernatants were used for further analysis. Protein content was measured by Bradford's method as described before [14] [15] [16] . The concentrations of IL-6 and TNF α in the heart were determined using ELISA Kits (Duo Set, R & D systems, Minneapolis, MN, USA).
Measurement of markers of oxidative stress in heart
In separate mice, at the end of the 5 days exposure period to WPS or air, animals were sacrificed by an overdose of sodium pentobarbital, and their hearts were quickly collected and rinsed with ice-cold PBS (pH 7.4) before homogenization in 0.1M phosphate buffer pH 7.4 containing 0.15M KCl, 0.1mM EDTA, 1mM DTT and 0.1mM phenylmethylsulfonylfluoride at 4 o C. The homogenates were centrifuged for 10 min at 3000xg to remove cellular debris and supernatants were used for further analysis. Protein content was measured by Bradford's method as described before [14] [15] [16] .
Measurement of reactive oxygen species (ROS): ROS were measured in the whole cardiac tissue homogenates which were obtained as described above using 2', 7'-Dichlorofluorescein diacetate (DCFDA; Molecular Probes, Eugene, OR, USA) as a fluorescent probe as described before [14] [15] [16] . The results were normalized as ROS produced per mg of protein. NADPH-dependent membrane LPO in the heart homogenate was determined using TBARS kit purchased from Cayman Chemical Company (Ann Arbor, MI, USA). Catalase in heart homogenate was measured using a kit obtained from Cayman Chemical Company (Ann Arbor, MI, USA). Measurement of reduced glutathione (GSH) concentrations was performed with kits obtained from Sigma-Aldrich Co (St Louis, MO, USA).
Experimental pial cerebral arterioles thrombosis model
In a separate experiment, in vivo pial arteriolar and venular thrombogenesis was measured following WPS or air exposure, according to a previously described technique [16, 18, 19] . Briefly, the trachea was intubated after induction of anesthesia with urethane (1mg/g body weight, i.p.), and a 2F venous catheter (Portex, Hythe, UK) was inserted in the right jugular vein for the administration of fluorescein (Sigma, St. Louis, MO, USA). Thereafter, a craniotomy was first performed on the left side, using a microdrill, and the dura was stripped open. Only untraumatized preparations were used, and those showing trauma to either microvessels or underlying brain tissue were discarded. The animals were then placed on the stage of a fluorescence microscope (Olympus, Melville, NY, USA) attached to a camera and DVD recorder. A heating mat was placed under the mice and body temperature was raised to 37°C, as monitored by a rectal thermoprobe connected to a temperature reader (Physitemp Instruments, NJ, USA). The cranial preparation was moistened continuously with artificial cerebrospinal fluid of the following composition (mM): NaCl 124, KCl 5, NaH 2 PO 4 3, CaCl 2.5, MgSO 4 .4, NaHCO 3 23 and glucose 10, pH 7.3-7.4. A field containing arterioles and venules 15-20 µm in diameter was chosen. Such field was taped prior to and during the photochemical insult. The photochemical insult was carried out by injecting fluorescein (0.1ml/mouse of 5% solution) via the jugular vein, which was allowed to circulate for 30-40 sec. The cranial preparation was then exposed to stabilized mercury light. The combination produces endothelium injury of the arterioles and venules. This, in turn, causes platelet to adhere at the site of endothelial damage and then aggregate. Platelet aggregates and thrombus formation grow in size until complete arteriolar or venular occlusion. The time from the photochemical injury until full vascular occlusion (time to flow stop) in arterioles and venules were measured in seconds. At the end of the experiments, the animals were euthanized by an overdose of urethane.
Platelet Aggregation in mouse whole blood
In mice exposed to WPS or air for 5 days, the platelet aggregation assay in whole blood was performed with slight modification as described before [20] . After anesthesia, blood from separate animals was withdrawn from the inferior vena cava and placed in citrate (3.8%), and 100-µl aliquots were added to the well of Merlin coagulometer the MC 1 VET (Merlin, Lemgo, Germany). The blood samples were incubated at 37.2 0 C with adenosine diphosphate (1µM) for 3 min, and then stirred for another 3 min. At the end of this period, 25-µl samples were removed and fixed on ice in 225 ml cellFix (Becton Dickinson, Franklin Lakes, NJ). After fixation, single platelets were counted in a VET ABX Micros with mouse card (ABX, Montpellier, France). Platelet aggregation was quantified by measuring the fall in single platelets counted due to aggregation induced by 1 µM ADP. The degree of platelet aggregation following WPS or air exposure was expressed as ℅ of that obtained in untreated (without ADP but with saline) whole blood obtained from control (unexposed) mice.
Statistics
All statistical analyses were performed with GraphPad Prism Software version 5. To determine whether parameters were normally distributed, the KS normality test was applied. Normally distributed data were analyzed using the unpaired t-test for differences between groups. Non-normally distributed data (IL-6 in plasma, platelet numbers, PAI-1, fibrinogen and catalase in heart tissue) were analyzed using Mann Whitney test for differences between groups. All the data in Figures were reported as mean ± SEM. P values < 0.05 are considered significant. Figure 1 illustrates the effect of WPS on systemic inflammation. In WPS-exposed animals, we found no change in leukocyte numbers compared to air-exposed group (Fig. 1A) .
Results
Effect of WPS on leukocyte numbers and plasma concentrations of CRP, TNFα and IL-6
The concentration of CRP was not affected by WPS exposure compared with air exposure (Fig. 1B) . Similarly, the concentrations of TNFα and IL-6 did not change in WPS-exposed mice compared to those exposed to air. Figure 2 shows the effect of WPS or air exposure on plasma markers of oxidative stress. Following the exposure to WPS, the concentration of LPO was not affected compared with that observed in mice exposed to air (Fig. 2A) . Likewise, mice exposed to WPS showed no 
Effect of WPS on LPO, GSH and catalase levels in plasma
Effect of WPS on photochemically-induced thrombosis in pial arterioles and venules
Nose-only exposure to WPS for 5 days induced a significant shortening of the occlusion time in pial arterioles in a photochemically-injured vessel (Fig. 3A) compared with airexposed mice (P<0.05). In the same way, WPS exposure caused a prothrombotic tendency in pial venules which was mirrored by a significant (P<0.05) shortening of the occlusion time compared with air-exposed group (Fig. 3B) .
Effect of WPS on platelet numbers and concentrations of PAI-1, fibrinogen and vWF
In WPS-exposed animals, we observed a significant decrease of platelet numbers compared with air-exposed group (P<0.01; Fig. 3A) , indicating the occurrence of platelet aggregation in vivo. The plasma concentration of PAI-1, an endogenous factor of fibrinolysis, was significantly increased in WPS-exposed mice compared with those exposed to air (P<0.05; Fig. 4B ). The concentration of fibrinogen, an acute-phase protein that increases blood viscosity and promotes thrombus formation, was significantly increased after the exposure to WPS compared to air exposure (Fig. 4C) . However, the concentration of vWF was not affected in WPS-exposed mice compared with those exposed to air (Fig. 4D) . Figure 5 illustrates the effect of WPS on platelet aggregation in whole blood. Whole blood obtained from mice exposed to WPS for 5 days and incubated with ADP (1µM) showed a significant (P<0.005) platelet aggregation compared with the blood collected from mice exposed to air (Fig. 5) . Figure 6 shows the effect of 5 days nose-only exposure to WPS on TNFα and IL-6 concentrations in mouse heart. Compared with air-exposed mice, mice exposed to WPS showed a significant (P<0.0001) increase in TNFα concentration in the heart tissue (Fig. 6A) . Likewise, IL-6 was also significantly (P<0.0001) augmented in heart tissue of WPS-exposed mice compared to those exposed to air. 5 . In vitro platelet aggregation in whole blood at end of the 5 days exposure period to air (control) or water pipe smoking (WPS) in mice. The blood samples obtained from mice exposed either to air or WPS for 1 month were incubated at 37.2 0 C with adenosine diphosphate (ADP, 1µM) for 3 min, and then stirred for another 3 min. Platelet aggregation was quantified by measuring the fall in single platelets counted due to aggregation induced by 1 µM ADP. The degree of platelet aggregation following WPS or air exposure was expressed as ℅ of that obtained in untreated (without ADP but with saline) whole blood obtained from control (unexposed) mice. Data are mean ± SEM (n=5). 
Effect of WPS on platelet aggregation in whole blood in vitro
Effect of WPS on TNFα and IL-6 concentration in the heart
Effect of WPS on LPO, ROS, GSH and catalse levels in the heart
Following exposure to WPS, the LPO concentration in the heart has significantly increased compared with air exposure (P<0.05; Fig. 7A ). Similarly, WPS exposure caused a significant elevation in ROS concentration in the heart compared to air-exposed group (P<0.01; Fig. 7B ). Figure 7C exemplifies the effect of WPS or air exposure on reduced GSH concentration. WPS exposure caused a significant increase of GSH concentration compared to air-exposed group (P<0.005; Fig. 7C ). Likewise, a significant increase of catalase activity was observed in the heart following acute exposure to WPS compared with air-exposed group (P<0.0001; Fig. 7D ). Table 1 represents the effect of WPS or air exposure on SBP and heart rate in mice. Compared with air-exposed group, neither SBP nor heart rate was significantly affected in mice exposed to WPS (Table 1) .
Effect of WPS on SBP
Discussion
The present study provides evidence that nose-only WPS exposure for 5 consecutive days exerts procoagulatory effects and induces cardiac inflammation and oxidative stress. However, at the time point investigated, there was no evidence for blood inflammation and oxidative stress, and no effect of WPS on SBP and heart rate.
While it is well established that CS is a major independent risk factor for cardiovascular disease, including atherosclerotic vascular disease, myocardial infarction, unstable angina, sudden cardiac death, and stroke [16] [17] [18] , the data on the cardiovascular effects of WPS is very scarce [2] . Despite its widespread use, only few studies to date have documented the adverse cardiovascular consequences of WPS [2] . This lack of data results from the fact that WPS is mostly a non-Western habit, and its high prevalence is a relatively recent phenomenon, lack of standardization of WPS content, and the difficulty in studying the isolated effects of WPS because most of the smokers are also current or past cigarette smokers [6] . Therefore, experimental studies investigating the pathophysiologic mechanisms underlying the cardiovascular adverse effect of WPS are critical and much needed. We have recently demonstrated that 1 month exposure to WPS increased blood pressure and thrombosis and induced inflammation and oxidative stress in the heart [4] . In the present study, we elected to study the initial cardiovascular effects related to WPS exposure. Assessing the short-term effect of WPS is essential because repetitive short-term WPS effects may constitute the underlying causal chain of reactions leading to the ultimate chronic effects of WPS.
We have recently demonstrated that one month exposure to WPS caused a significant increase in IL-6 concentrations in plasma but not that of TNFα [14] . In the present study, at the time point investigated, i.e. 5 days, the measured markers of systemic inflammation including leukocyte numbers, CRP, TNFα and IL-6 were not affected in mice exposed to WPS compared to air-exposure. The lack of increase of markers of systemic inflammation at 5 days exposure time point does not necessarily exclude their possible increase at earlier time point or later time point. Previous study found no increase in leukocyte numbers following short-term (4 days) exposure to CS [16] . On the other hand, an increase in leukocyte count has been reported in humans exposed acutely to WPS (one session of 30 min), however, no measurement of proinflammatory cytokine in plasma has been reported [21] . The discrepancy between this finding [21] and ours could be related to the time-point and/or to the fact humans exposed to WPS had previous exposure to WPS and/or cigarette that may predispose them more to develop an increase in white blood cell count following acute WPS exposure compared to mice.
Similarly to the absence of systemic inflammation, we did not observe evidence for increase of markers of oxidative stress in plasma. We found no increase of markers in Table 1 . Systolic blood pressure (SBP) and heart rate in mice at the end of the 5 days exposure period to air (control) or water pipe smoking (WPS). Data are mean ± SEM (n=8) oxidative stress in plasma after a short-term exposure (4 days) to CS in mice (unpublished data). It has been reported that systemic oxidative stress is elevated in smokers compared with non-smokers [22] . However, in that study no significant increase was observed in the levels of systemic oxidative stress as an acute effect of exposure to CS [22] . A recent study reported no increase in serum oxidative stress in healthy smokers but it increased in asthmatic smokers [23] .
While it is well established that CS causes alterations in platelet function, antithrombotic/ prothrombotic factors, and fibrinolytic factors [24] , little is known about the effect of WPS on thrombosis. Our data show that 5 days nose-only WPS exposure causes prothrombotic events in pial arterioles and venules in a photochemically injured vessel. This finding is important as it shows that short-term exposure to WPS cause thrombotic complications. Such an effect was not reported following short-term (4 days) exposure to CS in mice [16] . In the current study, the occlusion times in arterioles and venules were shortened by -28% and -22% respectively. In mice exposed for 1 month to WPS, a more marked shortening of the thrombotic occlusion time was observed in pial arterioles (−46%) and venules (−40%) [14] . In conjunction with the prothrombotic effect caused by short-term exposure to WPS, we found a significant decrease in platelet numbers in WPS-exposed mice compared with airexposed ones, this is indicative of platelet activation in vivo. A decrease of platelet numbers following pulmonary exposure to pollutant particles has been reported from experimental and clinical studies [18, 25] . The numbers of platelet were found slightly but insignificantly increased in mice exposed to WPS for 1 month [14] .
Our data show a significant increase of circulating PAI-1 following WPS exposure. PAI-1 is a potent endogenous inhibitor of fibrinolysis and is involved in the pathogenesis of several cardiovascular diseases. [26, 27] An increase of PAI-1 has been observed following exposure to particles [28, 29] Along with the fibrinolytic factor PAI-1, we found a significant increase in levels of fibrinogen, an acute-phase protein that increases blood viscosity and promotes thrombus formation [30] , following WPS exposure. Our data suggest an impairment of the fibrinolytic system and activation of blood coagulation following WPS exposure. This finding is novel as it has not been reported before with WPS. It has been previously reported that CS results in platelet activation, stimulation of the coagulation cascade, and impairment of anticoagulative fibrinolysis [24] . However, we did not find an increase of vWF concentration in WPS group. We recently reported that 1 month exposure to WPS causes a significant increase in vWF concentration in plasma. The discrepancy between the latter finding and the current one can be related to the exposure duration, and suggests that the endothelial activation develops over longer period of exposure to WPS. A recent study found no effect of acute exposure of WPS on endothelial function in humans [21] .
Our in vivo model of thrombosis depends on the fact that a platelet-rich thrombus is produced in a (photochemically) injured vessel [18] . Therefore, to gain more insights into the mechanism underlying the in vivo prothrombotic effects of WPS, we performed in vitro platelet aggregation studies in whole blood. The in vitro effect of ADP was assessed on blood collected from mice exposed either to WPS or air. Our results show a significant increase of platelet aggregation in blood of WPS-exposed mice compared to those exposed to air. This finding suggests a priming of platelet activation and their contribution in the development of thrombosis when they come across mildly injured vessel wall. Similar observation has been made in mice exposed to WPS for 1 month [14] .
Unlike in the plasma, our data show a significant increase in ROS and LPO in the heart following short-term exposure to WPS. Similar finding were reported after short-term exposure to CS [16, 31] . Recently, we have reported that 1 month exposure to WPS cause an increase of LPO and ROS levels in the heart [14] . Besides, our data show a significant increase of antioxidants in the heart including GSH and catalase. This indicates that the development of oxidative stress is accompanied by an adaptive response that counterbalances the potentially damaging activity of oxygen free radicals by antioxidant defense mechanisms. An increase of antioxidants in heart [16] and lung [32, 33] has been reported in mice exposed to CS. Interestingly, when we exposed mice to WPS for longer period of time, i.e. 1 month, we observed a depletion of antioxidants, leaving heart tissues vulnerable to damage by oxygen free radicals [14] .
Oxidative stress and inflammation together form a vicious cycle that is responsible for the disease progression [24] . ROS can stimulate redox-sensitive transcription factors, nuclear factor-kappa B, and activator protein-1, activating the genes of pro-inflammatory mediators TNFα and IL-6 [34] . These pro-inflammatory cytokines play a critical role in the pathogenesis of atherosclerosis and were detected in the myocardium of patients with heart failure [35, 36] . We found a significant increase of IL-6 and TNFα concentrations in heart following short-term exposure to WPS. Similar findings were observed in mice exposed to WPS for 1 month [14] . In cultured rat H9c2 cardiomyocytes, CS extract was found to cause upregulation of NF-κB-regulated inflammatory genes TNFα, IL-6 and IL-1β and to induce depletion of antioxidant enzymes [37] . It remains to determine if there is any selectivity of WPS components to specific heart compartments leading to a differential proinflammatory and procoagulatory effects. It would be of interest to see if either endocardium or coronary vessels are more susceptible to WPS than other heart compartments such as intra myocardial vessels.
We have recently demonstrated that 1 month exposure to WPS caused significant increase in SBP [14] . In the present study, we found no significant increase of SBP or heart rate in WPS-exposed mice. This finding suggests that the short-term (5 days) exposure to WPS did not result in a direct increase of SBP and heart rate. However, if WPS exposure is repeated over a longer period of time (e.g. 1 month exposure), it will eventually cause an increase in SBP, as we recently reported [33] . Recent clinical studies described an increase in blood pressure and heart rate following acute exposure to WPS in healthy subjects [7, 38, 39] . The discrepancy between the latter findings and ours could be related to the time-point, level of exposure and/or to the fact that humans exposed to WPS had previous exposure to WPS and/or cigarette that could prompt them more to develop an increase in blood pressure and heart rate following acute WPS exposure.
We conclude that nose-only WPS exposure for 5 days exerts procoagulatory effects and induces cardiac inflammation and oxidative stress. However, at the time point investigated, there was no evidence for blood inflammation or oxidative stress, and no effect of WPS on SBP or heart rate. Additional studies are required to study the kinetic of release of markers of inflammation and oxidative stress following WPS exposure. Also, it would be interesting to know which component of the WPS causes the most vascular damage. It has been postulated that that lipophilic components of CS can cause systemic toxicity by alteration in mitochondrial respiratory chain [40] . Our data provide information on the early cardiovascular changes following exposure to WPS. Our results give biological plausibility for the short-term adverse cardiovascular effects of WPS, and imply that even people who newly started to smoke WPS can be vulnerable to its adverse effects
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